
Reference: Biol. Bull. 169: 230-245. (August, 1985)

PHOTOSYNTHESISAND RESPIRATION IN TRIDACNA GIGAS
AS A FUNCTION OF IRRADIANCE AND SIZE

CHARLESR. FISHER, WILLIAM K. FITT, AND ROBERTK. TRENCH

Department of Biological Sciences and the Marine Science Institute, University of California at

Santa Barbara, Santa Barbara, California 93106

ABSTRACT

The effects of irradiance level and size on the rate of OT evolution and consumption
was examined in Tridacna gigas using an oxygen electrode. Seven photosynthesis-
irradiance (P-I) curves were generated for intact clams ranging from 1 to 23 cm in

shell length. Both alpha and Pmax decreased with increasing size of the clam. Oxygen
evolution at 1000 ^E-m~

2
-s

' and consumption in the dark were measured for an
additional 9 clams ranging up to 38 cm in shell length. Oxygen evolved per gram clam
tissue in the light, dark respiration, and the number of zooxanthellae per gram all

decreased with increasing clam size. The average amount of shading experienced by
the zooxanthellae in the clam tissues was estimated by comparing the P-I curves of

different-sized clams to the P-I curves of zooxanthellae freshly isolated from these

clams. Estimates of shading increased from negligible levels in small clams to 80% in

the largest clams investigated. Use of these results to chose optimum light intensities

for the mariculture of T. gigas is discussed.

INTRODUCTION

Bivalves of the family Tridacnidae are found throughout most of the Indo-West
Pacific (Rosewater, 1965), although populations of the larger species have been declining
in some areas in the face of intense overfishing (Pearson, 1977). One of the charac-

teristics of tridacnid bivalves is their symbiosis with algae, and it has been suggested
that the association may be a factor contributing to the large size of some tridacnids

(Yonge, 1980), the largest of which, Tridacna gigas, has been observed to reach a

length of 137 cm (Rosewater, 1965). The symbiotic alga Symbiodinium microadria-

ticum, occurs predominantly within the hemal sinuses of the hypertrophied siphon

(commonly referred to as "mantle tissue" in the tridacnids) (Fankboner, 197 1 ; Trench
et ai, 1981). Only a few other marine bivalves are known to harbor symbiotic dino-

flagellates, e.g., the heart shell Corculum cardissa (Kawaguti, 1950).

The use of the larger tridacnids as food, and the resultant overfishing has generated
an interest in the possibilities of commercial cultivation (see Munro and Heslinga,

1982). In the context of mariculture, studies of these clams have followed three di-

rections. First, attempts have been made to gain an understanding of the spawning of

clams with an aim towards controlled induction of spawning (Wada, 1954; LaBarbera,

1975; Jameson, 1976; Fitt and Trench, 1981); second, the artificial rearing of fertilized

eggs through the developmental stages of metamorphosis and acquisition of algal sym-
bionts (Beckvar, 1981; Fitt and Trench, 1981; Gwyther and Munro, 1981; Fitt et ai,

1984); third, an analysis of the importance of the contributions of the symbiotic algae
to the nutrition of the clams (Muscatine, 1967; Goreau et ai, 1973; Trench et ai,

1981). This last parameter is important, since the potential for a significant proportion
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of the nutrition of the clams being provided by the symbionts renders these clams

distinct from other bivalves that have been central to mariculture attempts in the past

(Munro and Heslinga, 1982).

Previous studies (Wells et ai, 1973; Johannes et at, 1972; Trench ct at, 1981;

Mangumand Johansen, 1 982) on the physiology of tridacnids and their zooxanthellae

were not designed to yield data which could be directly applied to mariculture. Spe-

cifically lacking from the literature is information on the physiology of T. gigas, a

prime candidate for mariculture (Munro and Heslinga, 1982) and information on
how the physiology of the tridacnids change with age. T. gigas was chosen for this

study not only because of its importance in the context of mariculture, but also because

of some features which facilitated this work: the wide size range of individuals available

makes possible a study of the relation between a variety of physiological parameters
and the size of the clam; adults are not attached to the substrate (unlike T. crocae and
T. maxima] and therefore collecting and placing them in a respirometry chamber can

be accomplished with a minimum of stress; the majority of individuals of all sizes

open soon after placement in a chamber and appear to behave normally throughout
the experiment (unlike most other tridacnids).

P-I relations have been investigated in a number of associations between zoox-

anthellae and marine invertebrates (Barnes and Taylor, 1973; Scott and Jitts, 1977;

Falkowski and Dubinsky, 1981; Fitt et at, 1982). Similarly P-I relations of freshly

isolated zooxanthellae have been described using zooxanthellae from a variety of in-

vertebrates (Zvalinskii et at, 1980; Dustan, 1982; Trench and Fisher, 1983). This

study is one of only a few in which the P-I relations of the zooxanthellae in situ and

//; vitro are compared (Crossland and Barnes, 1977; Chalker and Taylor, 1978; Muller-

Parker, 1984). Only Crossland and Barnes (1977) demonstrated shading of the zoox-

anthellae in situ (in the coral Acropora aeuniinata). In this study the effects of in situ

shading on the zooxanthellae in a wide size range of clams are investigated. The large

range in the thickness of the mantle (siphonal) tissue (where most of the zooxanthellae

are situated) makes Tridacna gigas ideally suited for such a study.

MATERIALSANDMETHODS

Aquisition and maintenance of "Tridacna gigas

This study was conducted at the Micronesian Mariculture Demonstration Center

(MMDC) in the Republic of Belau (Palau), West Caroline Islands, Micronesia, between

May and July, 1983. The three largest clams used in this study (wet weight 425-1700

g, shell length 23-38 cm) were collected on the reef at depths of 1.5 to 3.5 m. After

collection the animals were maintained at 4 m depth on the reef adjacent to the

laboratory. All of the smaller clams used in this study were reared at MMDCby
G. A. Heslinga and F. E. Perron (Munro and Heslinga, 1982). Surfaces of the shells

of the clams were cleaned using a scalpel and toothbrush to remove epiphytic and

epizooic growth from the shell and then maintained for between two days and two

weeks in unfiltered flowing sea water in a concrete raceway exposed to ambient in-

solation. These raceways have been used to rear giant clams for up to three years at

MMDC(Heslinga >/ at, 1984).

Intact clam oxygen exchange

The respirometer chambers were constructed of glass and clear lucite and fitted

with clear lucite lids. The volume of the four chambers used in this study ranged from

20 ml to 61 1. All four chambers contained a stir bar mounted directly below the
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oxygen electrode. During its operation, the stir bar maintained an adequate flow of

water across the membrane of the electrode. This was sufficient to mix the water in

the three smaller chambers, but in the largest chamber an additional larger stir bar

was used. The three smaller chambers were water-jacketed in order to maintain a

constant temperature of 28C. The largest chamber was not jacketed, but no tem-

perature variation was observed during any experiment.

A YSI model 53 oxygen electrode coupled to a Cole Palmer model 8377-15 chart

recorder was used to record the change in oxygen tension within the chamber. Illu-

mination was provided from above by a Mini-Cool movie light, and the irradiance

was varied from 25 to 3000 ^E m 2
s^

1

by adjusting the light-to-chamber distance.

Irradiance was measured with a Li-Cor quantum photometer model LI- 185 and a

model LI-192S submersible quantum sensor.

Before placing a clam in a respirometer, the shell was lightly brushed to remove

any growth accumulated since the original cleaning. It was then rinsed with 0.45 ^m
(pore size) filtered sea water and placed in an appropriate respirometer containing
0.45 /urn filtered sea water. All rate measurements were made between 80-100% of air

saturation using a linear portion of the trace after at least 10 minutes of equilibration

time under each condition. Only data obtained from clams with fully expanded mantles

are reported in this study. When investigating clams smaller than 2 cm in shell length

(wet weight < 0.05 g), 2-6 individuals of the same size were placed in the chamber
in order to achieve easily measurable rates of oxygen exchange. These experiments
were always conducted between 10:00 a.m. and 5:00 p.m., and the order of the different

irradiances was random. Dark respiration rate measurements were obtained between

every irradiance level by turning out the light and covering the chamber with black

plastic.

As a control for oxygen flux not due to T. gigas, measurements were made with

both empty chambers and chambers containing clam shells from which the animals

had been removed. No oxygen change was detected at any light level in the two larger

chambers or at irradiances up to 600 /uE m 2
s"

1

in the smaller chambers. A small

change was observed in the smaller chambers at the higher irradiances, both in the

presence and absence of empty shells, and was subtracted in the rate calculations. This

small change was presumably due to the effect of temperature on the oxygen electrode

when the movie light was in close proximity to the small volume chambers.

Clam vital statistics

Shell dimensions (length, width, height) were measured to the nearest millimeter

with calipers and total volume, by displacement. The clams were dissected from their

shells and their total wet weight (blotted dry) measured to the nearest milligram. The
clams larger than 2 cm in shell length were then further separated into three tissue

classes (muscle, mantle, and remains) and weighed. The mantle and remains were

homogenized separately in known volumes of filtered sea water (0.45 nm pore size

millipore filter) in a Virtis tissue homogenizer. Replicate samples of each homogenate
were removed and prepared for analysis of chlorophyll as described below. In the case

of clams smaller than 2 cm, the entire clam was homogenized.

Isolation of zooxanthellae

Zooxanthellae from larger clams were isolated from a portion of the mantle ho-

mogenate described above, following the methods of Trench (197 la) (in the case of

clams smaller than 2 cm, zooxanthellae were isolated from the whole animal homog-
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enate). The homogenate was first filtered through three layers of cheese cloth to remove

pieces of animal debris. Zooxanthellae were then isolated from the resultant slurry by
repeated 2-minute centrifugations at approximately 1000 rpm in a Beckman table top

centrifuge. The cells were resuspended in filtered sea water between each centrifugation.
This procedure was repeated three times, after which the supernatant was clear and

very little debris was observed upon microscopic examination of the pellet. The cells

were resuspended in filtered sea water to approximately 10
6

cells/ml and the concen-

tration determined by 6 replicate counts in a hemacytometer. Two aliquots (usually
5 mis) of this suspension were removed for analysis of chlorophyll and the remainder
was used for analysis of photosynthetic and respiratory oxygen exchange by isolated

zooxanthellae.

Quantification of chlorophyll

The samples were first pelleted at approximately 2500 rpm for 2 min and the

supernatant discarded. The pellets were then resuspended in 0.4 ml of distilled water

and frozen and thawed three times over a 24-hour period. The thawed samples were

then ground in a Tenbroeck ground-glass tissue grinder with 3.6 ml of acetone and
allowed to extract overnight in the dark at 0C. The samples were clarified by cen-

trifugation at approximately 2500 rpm and the absorbance of the supernatants were

measured at 630 and 663 nm in a Turner model 330 spectrophotometer. The pellet

was refrozen in 0.4 ml of distilled water, and re-extracted with 3.6 ml of acetone and
the absorbance measured as before. The total amounts of chlorophylls a and c 2 in the

samples were calculated using the equations of Jeffrey and Humphrey (1975). Replicate

samples usually agreed within 10% and the average of the two replicates was used for

further calculations.

Oxygen exchange by isolated zooxanthellae

Measurements of photosynthetic oxygen evolution were made in a YSI stir bath

chamber using a YSI model 53 oxygen electrode coupled to a Cole Palmer model
4377-1 5 chart recorder. Temperature was maintained at 28 0.5C with a recirculating

water bath. Illumination was provided by a Viewlex model V-25-P slide projector and
irradiance was varied from 15 to 2000 ^E m~2

s~' by placing plastic window screen

over the projector lens and varying the projector-to-chamber distance. Irradiance levels

were measured using a LiCor Quantum photometer with a submersible quantum
sensor. Dark respiration rates were determined when the incubation chamber was
covered with black plastic. Freshly isolated zooxanthellae were suspended in filtered

sea water at densities of 10
6

cells/ml in order to minimize self shading by the algal

cells. Incubation volume was 3.0 ml as suggested by the instrument manufacturer. In

experiments where photosynthetic oxygen evolution at more than one irradiance level

was measured (for the photosynthesis versus irradiance curves), fresh cells were placed
in the chamber after every other measurement to minimize any deleterious effects of

the stir bar on the cells. In order to reduce variation due to possible photosynthetic

rhythms (Prezelin el ai, 1977; Chalker and Taylor, 1978; Muller-Parker, 1984), ex-

periments were conducted between 10:00 a.m. and 4:00 p.m. and the order of the

different irradiances was random.

RESULTS

The 33 clams used in this study ranged in shell length from 0.86 to 38 cm, and
in wet weight from 0.014 to 1700 grams (Table I). The allometric relation between
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TABLE I

Daily P/R and CZAR in Tridacna gigas

Wet weight

w/o shell

(grams)



PHOTOSYNTHESISIN TRIDACNA GIGAS 235

500

100

o

I 5

10

50

10

c
3
CT
re

~t

N
O
O
X
Oi

CJ

(V
^x

r:
<n

n
o>

3

001 O.I 1.0 10

Wet weight (g)

100 1000 10,000

FIGURE 1. Number of zooxanthellae and amount of chlorophyl a per gram (wet weight) of T. gigas
as a function of the wet weight of the clam (without shell). Squares represent the number of zooxanthellae

per Mg clam (y
= 5.67x~

00966
, n =

1 1, r = 0.77, P < 0.01). Circles represent the ^g Chi. a per gram clam (y
=

1 27x l035
, n =

14, r =
0.69, P < 0.0 1 ).

synthetic oxygen production rates of the zooxanthellae in situ were inversely related

to the size of the clam (Fig. 2).

The decrease in number of zooxanthellae per gram of clam (Fig. 1) and in in situ

productivity of those zooxanthellae with increasing size of the clam (Fig. 2) results in

a strong inverse relation between oxygen production rate and size of the clams (Fig.

3). The rate of respiratory oxygen consumption is also inversely related to the size of

the clams (Fig. 3).

The relation between photosynthetic oxygen evolution and irradiance (P-I) was
determined for 7 clams ranging from 1. 15 to 23.5 cm in shell length (0.02-290 g wet

weight). Four representative curves are presented in Figure 5. Both alpha/g (the slope

of the initial light limited portion of the P-I curve) and "P max
"

(assumed maximum
photosynthetic rate) decrease with increasing size of the clam. The smallest clams

showed light saturation of photosynthesis by 600 AtE-m^-s"
1

, but the larger clams

were not saturated even at 2000 jE m~2
s '.

P-I relations were also determined for zooxanthellae isolated from the mantles of

three different clams. One of these curves, together with the P-I curve for the intact

clam from which the zooxanthellae were isolated, is shown in Figure 6. The freshly

isolated zooxanthellae did not show any evidence of photoinhibition up to maximum
ambient illumination (2000 ^E m~2

s"
1

), although the Pmax for freshly isolated zoox-

anthellae was well below that of the intact clam. The dark respiration rates averaged
8.5% (1.8, n =

9) of Pmax . The alpha values for freshly isolated zooxanthellae ranged
from 0.0019 to 0.0038 (nMO2 MgChhT

1

-nE~
l m2

), but were not correlated with the

size of the clam from which the zooxanthellae were isolated. Pmax (photosynthetic rate

at 600 /uE m~2
s ') was measured for algae isolated from eleven different clams. The

rates varied over a two-fold range when calculated on the basis of either chlorophyll
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FIGURE 2. Gross photosynthetic oxygen production (P ) in T. gigas at 1000 ^E m 2
s

'

as a func-

tion of the wet weight of the clam. Squares represent pmol oxygen produced per zooxanthella per hour

(y
= 8.29x~ 0141

, n =
10, r = 0.82, P < 0.01). Circles represent /umol oxygen produced per ^g Chi. a per

hour(y = 0.35x-" 97
, n = 13, r = 0.78, P < 0.01).

a or algal cell number. The values were independent of the size of the clam from

which the zooxanthellae were isolated (Fig. 7).

Using these data, an envelope enclosing all possible P-I relations for the freshly

isolated zooxanthellae was constructed and then superimposed on P-I curves of the

same four clams shown in Figure 5, with oxygen production rates presented per ng
Chi. a so that the direct comparison can be made between the performance of intact

clams and freshly isolated zooxanthellae (Fig. 8). The alpha values of the smallest

clams are within the range of values of the freshly isolated zooxanthellae. However,
the alpha values of the larger clams decrease progressively as the size of the clams

increases. The Pmax values of all but the largest clams are higher than the highest Pmax

measured for freshly isolated algae.

The ratio of gross oxygen production to consumption over a 24-hour period (P/

R) and the percent contribution of carbon translocated from the zooxanthellae to

animal respiration (CZAR) was calculated for each clam (or group of clams), using a

variety of assumptions. The daily P/R assumed 10 hours of sunlight at either 500 or

1000 irT
2

s
' and 24 hours of respiration at the same rate as that measured in

the dark. CZARwas calculated using the methods of Muscatine el al. (1981). The
theoretical equation for this calculation is: CZAR =- (P Gross Zoox. for 24 h) (%trans-

location) -r (R Animal for 24 h). The specific assumptions we made for our calculations

of CZARare the following; algal biomass and the algal contribution to the overall

respiratory rate of the clam is approximately 5% (Trench el al, 1981). Daily photo-
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FIGURE 3. Oxygen evolution (P g ) at 1000 nE m~2
s~' and respiration (R) per gram clam per hour

as a function of the wet weight of the clam. Circles represent the gross photosynthetic rate (y
= 42.4x~

115
,

n == 15, r = 0.94, P < 0.01). Squares represent the respiration rate (y
== 9.3x~

193
, n == 16, r = 0.93,

P<0.01).

synthesis is approximately equal to 10 hours of sunlight at an irradiance of 1000

/xE m" 2
s '. The dark respiration rate is equal to the light respiration rate. Both the

PQand RQare approximately equal to 1 .0. Wecalculated CZARtwice assuming two

different values for translocation; 40% (Trench et ai, 1981) and 95% (Muscatine el

ai, 1984). For an in-depth discussion of these and other assumptions inherent in these

calculations, see: Muscatine and Porter (1977); McCloskey et al. (1978); Muscatine

(1980); and Trench el al (1981); Muscatine el al. (1984).

Daily ratios of photosynthesis:respiration (and therefore CZAR) at 1000

juE-m~
2

-s~' were not correlated with the size of the clam (Fig. 4a), but at 500

/uE-m~
2

-s~' there was an inverse relation between P/R and increasing size of the

clams (Fig. 4b). Daily P/R and CZARvalues are presented in Table I. Assuming 10

hours of sunlight at 1000 /uE m' 2
s~', P/R values ranged from 1 . 1 to 3.2 and averaged

1.9. Assuming either 40% or 95% translocation the calculated values of CZARrange

from a minimum of 44% to a maximum of 318%.
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=
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2
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DISCUSSION

The total number of zooxanthellae in Tridacna gigas increased with the size of

the clam, however the number of zooxanthellae per gram wet tissue decreased with

increasing clam size (Fig. 1). Intuitively, one might expect that this relation occurs

because the weight of the clam increases as a cube function while the area of the

mantle increases as a square function. If this were true, then the allometric equation

relating the total number of zooxanthellae (or total Chi. a) to the weight of the clam

would have an exponent of 0.67. However, the allometric equations relating these

parameters are;

and
# of Zoox. 10~

6 = 5.623 (weight)
0.9

MgChl. a =-- 128.8 (weight)'
,0.89

(r
= 0.996, n - !!,/>< 0.01)

(r
= 0.996, n = 14, P< 0.01)

The exponents are considerably greater than the expected 0.67, which is probably a

reflection of two facts. First, not all of the zooxanthellae are found in the "mantle"
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FIGURE 5. Gross photosynthesis as a function of irradiance (P-I curves) for four different size classes

of clams. Each data point represents the rate of oxygen evolution over at least a ten-minute period measured

when the oxygen level in the respirometry chamber was between 80 and 100% of air saturation; closed

circles wet weight
= 1700 g: closed triangles wet weight

= 18.2 g: open circles wet weight
= 1.25 g:

closed squares six clams with an average wet weight of 0.014 g.

of the clams. In this study an average of 13% (6.2%, n ==
8) of the Chi. a was found

in the "remains" portion of the clam (no correlation was found between the size of

the clam and the distribution of the Chi. a in the various tissues). Second, as the

clam increases in size, the "mantle" increases in thickness. Thus, there is a third

dimensional component in the amount of "mantle" tissue, where 87% of the zoox-

anthellae reside.
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FIGURE 6. Photosynthesis as a function of irradiance (P-I curves) for the 18.2 g clam and zooxanthellae

freshly isolated from it, calculated on the basis of Chi. a content: open triangles represent the freshly isolated

zooxanthelle; closed triangles represent the intact clam.
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The effects of the decreasing number of the zooxanthellae per gram of clam and

the increased shading of those zooxanthellae with increasing clam size (discussed below)

are reflected in the strong inverse relation between decreasing productivity (O 2 evolved/

g clam/h) at a given illumination and increasing size of the clam (Fig. 3).

Light impinging on the surface of the mantle of a clam must penetrate increasingly

thicker tissue as the size of the clam increases, before reaching all of the zooxanthellae,

which are themselves stacked (Trench et al., 1981). Evidence of increased shading of

the zooxanthellae in the "mantles" of the larger clams comes from two different series

of experiments. In one series of experiments gross photosynthesis at lOOO/uE- m~2
'S~'

was measured for 13 clams. A decrease in PG was correlated with increasing clam size,

even when PG was expressed on the basis of Chi. a or number of zooxanthellae (Fig.

2). In another series of experiments P-I curves were generated for seven clams. The

decrease in alpha and "P max
"

with increasing clam size is indicative of the increased

shading of the zooxanthellae in the larger clams (Table II, Fig. 8). Only the smallest

clams show saturation of photosynthesis at ambient light intensities whereas the freshly

isolated zooxanthellae saturate at 200 AiE-m'
2

-s~' (Figs. 5, 6) (also Scott and Jitts,

1977; Trench and Fisher, 1983). The lack of saturation of photosynthesis in the larger

clams can be explained by the observation that as light intensity is increased, saturating

levels of irradiance are reaching deeper into the mantle tissues. In order to put a value

on this shading phenomenon, one can compare the P-I curves of intact clams to P-I

curves of freshly isolated zooxanthellae. Superimposed on the P-I curves of the four

clams in Figure 8 is a hatched area which represents all of the possible P-I curves

obtained for freshly isolated zooxanthellae. When we speak of the shading of the

zooxanthellae in a certain sized clam, what we mean is the average amount of shading

throughout all of the zooxanthella-containing tissues. For example, in a large clam

the zooxanthellae on the surface of the mantle may be light-saturated at 400
~'

ir s~, while those deep in the mantle are perceiving only a small fraction of

the incident light. Because of this, it is necessary to compare the alpha values of the

P-I curves; this is the only portion of the curves where all of the zooxanthellae are

light limited. Wetherefore propose an equation to estimate the degree of shading in

a clam:

%shading
=

(1
--

alpha of intact clam)(100) * (alpha of freshly isolated Zoox.)

TABLE II

Shading of Tridacna gigas zooxanthellae

%Shaded
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In this equation the ratio of alpha values is equal to the ratio of photosynthetic
rates at a given limiting light intensity. The range of alpha values calculated for the

seven clams for which P-I curves were generated are shown in Table II. In the smaller

clams the mantle is relatively thin and shading would not significantly reduce the

maximum photosynthetic rate the zooxanthellae can achieve. The zooxanthellae

in the larger clams are estimated to receive, on the average, only 25% of the incident

light. Muller-Parker (1984) found no significant shading of zooxanthellae in situ in

Aiptasia pulchella. This is not surprising because, as the author pointed out, Aiptasia

is a very small, unpigmented anemone. On the other hand, Crossland and Barnes

(1977) determined that the algae in the coral Acropora acuminata were significantly

shaded in situ. Application of the % shading equation to the data of Crossland and

Barnes (1977), indicates that on the average about 20% of the incident light reached

the zooxanthellae in situ. This low value is probably a reflection of both the position

of the algae in the coral's tissue and the geometry of the staghorn coral. The zoox-

anthellae on the underside of a coral branch could be shaded by the coral skeleton

itself.

The Pmax of freshly isolated zooxanthellae is significantly lower than the Pmax of

all but the largest clam measured (Fig. 6, 8). This phenomenon, while difficult to

interpret, could be attributable to a number of causes: ( 1 ) physical damage to some
of the zooxanthellae during the isolation procedure. This damage might not be dis-

cernible at the level of light microscopy, and could result in partial photosynthetic

inactivation; (2) zooxanthellae in isolation could be producing superoxide anions (O 2 ~)

and therefore hydrogen peroxide (H 2O2 ), which is not detectable with an oxygen elec-

trode. The deleterious effects of O2 and H2O2 would normally be controlled by su-

peroxide dismutase and catylase present in host tissue (Dykens and Shick, 1982; Dy-
kens, 1984; and E. M. Tytler, pers. comm.); (3) the host milieu could stimulate

high rates of photosynthesis in zooxanthellae. This could be due to in situ pH or to

some other "factor" in the host (Trench, 1971b, Deane and O'Brien, 1980). None of

these possibilities would increase the alpha values for freshly isolated zooxanthellae.

The only effect on alpha that any of these possibilities would have is to lower the alpha
value for freshly isolated zooxanthellae which would make our estimates of shading
conservative minimum values.

When comparing Figures 5 and 8 it is apparent that the trend of decreasing alpha
and Pmax with increasing clam size becomes somewhat blurred when photosynthesis
is expressed on the basis of chlorophyll a (Fig. 5). This can easily be accounted for by
the well known effects of photoadaptation on Chi. a content in zooxanthellae (Zvalinskii

el al, 1980; Dustan, 1982; Chang el al, 1983). In this study the variation in chlorophyll
a content per zooxanthella was not correlated with the size of the host clam. Chlorophyll
a per cell was not determined for the smallest clams because the small amount of

material present in those clams did not allow that determination as well as assaying
total Chi. a per clam. In the larger clams the zooxanthellae in the hemal sinuses of

the "mantle" are shaded to different degrees depending on their position in the mantle.

Therefore, any changes in Chi. a content of the zooxanthellae deep in the mantle are

obscured by the presence of "surface" algal cells in the same extract.

The relation between photosynthesis and size discussed above would yield a similar

relation between P/R and size were it not for the fact that respiration rate also decreases

with increasing body size (Fig. 3). The exponent of the equation relating body weight
to respiration falls between and 1 for most organisms (R is expressed as total oxygen
consumed per unit time) and is a function of the allometric increase in metabolism

with growth (Zeuthen, 1953; Schmidt-Nielsen, 1974). This value ranges from 0.595

to 0.93 for Mytilus ediilis (Kruger, 1960; Read, 1962). Bayne el al (1976) averaged
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the values obtained in a large number of studies on marine mussels and found a value

of 0.71. The value for T. gigas of 0.81 found in this study (R == 8.0 W.gi) is higher

than this average, but well within the range of values found for Mytilus, and while

difficult to interpret may reflect a difference in temperature, feeding, season, or stage

in life history of the animals (Zeuthen, 1953;Kruger, 1960; Kuenzler, 1961; Widdows,

1978; and Walsh and Somero, 1981; cf. Read, 1962; Ansell, 1973).

The calculated values of daily P/R and especially of CZARvary greatly depending

upon the assumptions one makes in the calculations (Table I). Nevertheless, it is clear

that the zooxanthellae do play a very significant role in the nutrition of T. gigas and
in fact may be able to supply as much as 100% of the respiratory carbon requirements
of the clam. At high light intensities (>1000 /uE-m~

2
-s~') the variation in the P/R

for the intact symbiosis shows no strong correlation with the size of the clam (Table

I, Fig. 4a). However, if one assumes an average daily illumination of 500 ^E m~2
s"

1

such as the clam would experience on a cloudy day or in deeper water, an inverse

relation between P/R and clam size is evident (Table I, Fig. 4b). The difference between

Figures 4a and b can be understood by inspecting the P-I curves for the four different

sizes of clams shown in Figure 5. Lowering the light intensity from 1000 to 500

juE m~2
s

'

lowers the photosynthetic rate of the smallest clams by only 4%, while

it results in a 25% reduction of the photosynthetic rate of the two largest clams. This

reduction is due to the increased shading in the larger clams as described above.

These physiological parameters of Tridacna gigas are of special import to a mar-

iculture operation. Juvenile clams can be grown optimally at light intensities that are

significantly below ambient. This should help reduce algal fouling of the growth tanks.

On the other hand, since zooxanthellae freshly isolated from T. gigas showed no

evidence of photoinhibition at even the highest ambient light intensities (2000

nE m 2
s"

1

) (Fig. 6), and since the photosynthetic rates of the larger clams are not

saturated at ambient levels of irradiance (Fig. 5), the higher the intensity at which one

grows the larger clams, the better.

ACKNOWLEDGMENTS

Wethank the personnel of the Department of Marine Resources and the Microne-

sian Mariculture Demonstration Center for their assistance during our stay in Belau.

Special thanks to S. Derbai, J. Heslinga, M. Ngiramengior, E. Oiterong, O. Orak, and
Dr. F. Perron for help in collecting clams. Weappreciate the use of the laboratory-
raised clams provided by J. Heslinga. Wethank Bob Fletcher and Joel DalPozzo for

assistance in construction of respirometry chambers and other support. Wealso thank

D. Fisher and Drs. J. J. Childress, P. R. Siegel, and B. M. Sweeney for critically

reviewing the manuscript. This study was supported by grant # DPE5542-6-SS-1085

from the U. S. Agency for International Development (to R.K.T.).

LITERATURE CITED

ANSELL, A. D. 1973. Oxygen consumption by the bivalve Donax vittatus (da Costa). J. Exp. Mar. Biol.

Ecol. 13: 229-262.

BARNES, D. J., ANDD. L. TAYLOR. 1973. In situ studies of calcification and photosynthetic carbon fixation

in the coral Montastrea annularis. Helgol. Wiss. Meeresunters. 24: 284-291.

BAYNE, B. L., R. J. THOMPSON,AND J. WIDDOWS. 1976. Physiology: 1. Pp. 97-113 in Marine Mussels

their Ecology and Physiology, B. L. Bayne, ed. Cambridge University Press.

BECKVAR, N. 1981. Cultivation, spawning, and growth of the giant clams Tridacna gigas, T. derasa, and
T. squamosa in Palau, Caroline Islands. Aquacultitre 24: 21-30.

BROCK, J. 1888. Ober die sogenannten augen von Tridacna und das vorkommen von pseudochlorophy-

llkorpen im gefass system der muscheln. Z. Wiss. Zool. 66: 270-288.



244 C. R. FISHER ET AL.

CHALKER, B. E., ANDD. L. TAYLOR. 1978. Rhythmic variations in calcification and photosynthesis associated

with the coral Acropora cervicornis (Lamarck). Proc. R. Soc. Land, B. 201: 179-189.

CHANG, S. S., B. B. PREZELIN, ANDR. K. TRENCH. 1983. Mechanisms of photoadaptation in three strains

of the symbiotic dinoflagellate Symbiodinium microadriaticwn. Mar. Biol. 76: 219-231.

CROSSLAND,C. J., ANDD. J. BARNES. 1977. Gas-exchange studies with the staghorn coral Acropora acuminata

and its zooxanthellae. Mar. Biol. 40: 185-194.

DEANE, E. M., ANDR. W. O'BRIEN. 1980. Composition of the haemolymph of Tridacna maxima (Mollusca:

Bivalvia). Comp. Biochem. Physiol. 66: 339-341.

DUSTAN, P. 1982. Depth-dependent photoadaption by zooxanthellae of the reef coral Montastrea annularis.

Mar. Biol. 68: 253-264.

DYKENS, J. A. 1984. Enzymic defenses against oxygen toxicity in marine cnidarians containing endosymbiotic

algae. Mar. Biol. Lett. 5: 291-301.

DYKENS, J. A., AND J. M. SHICK. 1982. Oxygen production by endosymbiotic algae controls superoxide
dismutase activity in their animal host. Nature 297: 579-580.

FALKOWSKI, P. G., ANDZ. DUBINSKY. 1981. Light-shade adaptation of Stylophora pistillata, a hermatypic
coral from the Gulf of Eilat. Nature 289: 172-174.

FANKBONER,P. V. 1971. Intracellular digestion of symbiotic zooxanthellae by host amoebocytes in giant

clams (Bivalvia: Tridacnidae) with a note on the nutritional role of the hypertrophied siphonal

epidermis. Biol. Bull. 142: 222-234.

FITT, W. K., AND R. K. TRENCH. 1981. Spawning, development, and acquisition of zooxanthellae by
Tridacna squamosa (Mollusca, Bivalvia). Biol. Bull. 161: 213-235.

FITT, W. K., R. L. PARDY, AND M. M. LITTLER. 1982. Photosynthesis, respiration, and contribution to

community productivity of the symbiotic sea anemone Anthopleura elegantissima (Brandt, 1835).

J. Exp. Mar. Biol. Ecol. 61: 213-232.

FITT, W. K., C. R. FISHER, ANDR. K. TRENCH. 1984. Larval biology of tridacnid clams. Aquaculture 39:

181-195.

GOREAU,T. F., N. I. GOREAU,ANDC. M. YoNGE. 1973. On the utilization of photosynthetic products
from zooxanthellae and of a dissolved amino acid in Tridacna maxima f. elongata (Mollusca:

Bivalvia). J. Zoo/. (Lond.) 169: 417-454.

GWYTHER,J., ANDJ. L. MuNRO. 1981. Spawning induction and rearing of larvae of tridacnid clams (Bivalvia:

Tridacnidae). Aquaculture 24: 197-217.

HESLINGA, G. A., F. E. PERRON, ANDO. ORAK. 1984. Mass culture of giant clams (F. Tridacnidae) in

Palau. Aquaculture 39: 197-216.

JAMESON, S. C. 1976. Early life history of the giant clams Tridacna crocea (Lamarck), Tridacna maxima
(Roding) and Hippopus hippopus (Linnaeus). Pac. Sci. 30: 219-233.

JEFFREY, S. W., ANDG. F. HUMPHREY.1 975. Newspectrophotometric equations for determining chlorophylls

a, b, c,, and c 2 in higher plants, algae, and natural phytoplankton. Biochem. Phvsiol. Pfl 167: 191-

194.

JOHANNES, R. E., J. ALBERTS, C. D'ELIA, R. A. KJNZIE, L. R. POMEROY,W. SCOTTILE, W. WIEBE, J. A.

MARSH, JR., P. HELFRICH, J. MARAGOS,J. MEYER, S. SMITH, D. CRABTREE, A. ROTH, L. R.

MCCLOSK.EY, W. BETZER, N. MARSHALL, M. E. Q. PILSON, G. TELEK, R. I. CLUTTER, W. D.

DuPAUL, K. L. WEBB,ANDJ. M. WELLS, JR. 1972. The metabolism of some coral reef communities:

a team study of nutrient and energy flux at Eniwetock. Bioscience 22: 541-543.

KAWAGUTI, S. 1950. Observations of the heart shell, Corculum cardissa (L.), and its associated zooxanthellae.

Pac. Sci. 4: 43-49.

KRUGER, F. 1 960. Zur frage der grbsserabhangigkeit des sauerstoffverbrauchs von Mytilns edulis. Helgol.

Wiss. Meersunters. 7: 125-148.

KUENZLER, E. J. 1961. Structure and energy flow of a mussel population. Limnol. Oceanogr. 6: 191-204.

LABARBERA,M. 1975. Larval and post larval development of the giant clams Tridacna maxima and Tridacna

squamosa (Bivalvia: Tridacnidae). Malacologia 15: 69-79.

MANGUM,C. P., ANDK. JOHANSEN. 1982. The influence of symbiotic dinoflagellates on respiratory processes

in the giant clam Tridacna squamosa. Pac. Sci. 36: 395-40 1 .

McCLOSKEY, L. R., D. S. WETHEY,ANDJ. W. PORTER. 1978. Measurement and interpretation of photo-

synthesis and respiration in reef corals. Monogr. Oceanogr. Methodol. (UNESCO). 5: 379-396.

MULLER-PARKER,G. 1984. Photosynthesis-irradiance responses and photosynthetic periodicity in the sea

anemone Aiptasia pulchella and its zooxanthellae. Mar. Biol. 82: 225-232.

MUNRO,J. L., ANDG. A. HESLINGA. 1982. Prospects for the commercial cultivation of giant clams (Bivalvia:

Tridacnidae). Presented at the 35th Annual Meeting of the Gulf and Caribbean Fisheries Institute,

Nassau, Bahamas.

MUSCATINE, L. 1967. Glycerol excretion by symbiotic algae from corals and Tridacna and its control by
the host. Science 156: 516-519.

MUSCATINE, L. 1980. Productivity of zooxanthellae. In Primary Productivity in the Sea, P. G. Falkowski,
ed. Brookhaven Symp. 31: 381-402.



PHOTOSYNTHESISIN TRIDACNA GIGAS 245

MUSCATINE, L., AND J. W. PORTER. 1977. Reef corals: mutualistic symbioses adapted to nutrient poor

environments. Bioscience 27: 454-460.

MUSCATINE, L., L. R. MCCLOSKEY,ANDR. E. MARIAN. 1981. Estimating the daily contribution of carbon

from zooxanthellae to coral animal respiration. Limnoi Oceanogr. 26: 601-61 1.

MUSCATINE, L., P. G. FALKOWSKI, J. W. PORTER, ANDZ. DUBINSKY. 1984. Fate of photosynthetic fixed

carbon in light- and shade-adapted colonies of the symbiotic coral Stylophora pistillata. Proc. R.

Soc. Land. B. 222: 181-202.

PEARSON, R. G. 1977. Impact of foreign vessels poaching giant clams. Aust. Fish. 36: 8-11.

PREZELIN, B. B., B. W. MEESON,ANDB. M. SWEENEY. 1977. Characterization of photosynthetic rhythms

in marine dinoflagellates. 1. Pigmentation, photosynthetic capacity and respiration. Plant Physiol.

60: 384-387.

READ, K. R. H. 1962. Respiration of the bivalve molluscs Mytilus edulis L. and Brachidontes demissus

plicatulus Lamarck as a function of size and temperature. Comp. Biochem. Physiol. 7: 89-101.

ROSEWATER,J. 1965. The family Tridacnidae in the Indo-Pacific. Indo-Paciftc Mollusca 1: 347-396.

SCHMIDT-NIELSEN, K. 1974. Scaling in biology: the consequences of size. J. Exp. Zool. 194: 287-308.

SCOTT, B. D., ANDH. R. JITTS. 1977. Photosynthesis of phytoplankton and zooxanthellae on a coral reef.

Mar. Biol. 41: 307-315.

TRENCH, R. K. 197 la. Physiology and biochemistry of zooxanthellae symbiotic with marine coelenterates.

II. Liberation of fixed
14C by zooxanthellae in vitro. Proc. R. Soc. Lond. B. Ill: 237-250.

TRENCH, R. K. 1971b. Physiology and biochemistry of zooxanthellae symbiotic with marine coelenterates.

III. The effects of homogenates of host tissue on the excretion of photosynthetic products in vitro

by zooxanthellae from two marine coelenterates. Proc. R. Soc. Lond. B. Ill: 250-264.

TRENCH, R. K., D. S. WETHEY,ANDJ. W. PORTER. 198 1 . Observations on the symbiosis with zooxanthellae

among the tridacnidae (Mollusca, Blvalvia). Biol. Bull. 161: 180-198.

TRENCH, R. K., AND C. R. FISHER. 1983. Carbon dioxide fixation in Symbiodinium microadriaticum:

problems with mechanisms and pathways. Pp. 659-673 in Endocytobiology, Vol. II, H. A. E.

Schenk and W. Schwemmler, eds. Walter deGruyter & Co., Berlin, New York.

WADA, S. K. 1954. Spawning in the tridacnid clams. Jpn. J. Zool. 11: 273-285.

WALSH, P. J., ANDG. N. SOMERO. 1981. Temperature adaption in sea anemones: physiological and bio-

chemical variability in geographically seperate populations ofMetridium senile. Mar. Biol. 62: 25-

34.

WELLS, J. M., A. H. WELLS, ANDJ. G. VANDERWALKER.1973. In situ studies of metabolism in benthic

reef communities. Helgol. Wiss. Meersunters. 34: 78-81.

WIDDOWS,J. 1978. Combined effects of body size, food concentration and season on the physiology of

Mytilus edulis. J. Mar. Biol. Assoc. U. K. 58: 109-124.

YONGE,C. M. 1980. Functional morphology and evolution in the Tridacnidae ( Mollusca: Bivalvia:Cardiacea).

Records Australian Museum 33: 735-777.

ZUETHEN, E. 1953. Oxygen uptake as related to body size in organisms. Q. Rev. Biol. 28: 1-12.

ZVALINSKIL V. I., V. A. LELETKJN, E. A. TITLYANOV, ANDM. G. SHAPOSHNIKOVA.1980. Photosynthesis

and adaption of corals to irradiance. 2. Oxygen exchange. Photosynthetica 14: 422-430.


